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Abstract
Solution-processing organic–inorganic hybrid perovskites have emerged as new
generation and promising light-harvesting materials for photovoltaic technology and
photonic applications such as solar cells, light emitting diodes and laser. The aim of this
thesis is to boost the power conversion efficiency of planer perovskite solar cell by either
using perovskite structure layer, or by doping perovskite thin film with metal ion to
enhance the morphological, structure and optical properties of the perovskite thin film.
The first proposed perovskite layer is based on CH3NH3PbBr3 and was fabricated
using one step self-assembly method. The method is appropriate to produce
CH3NH3PbBr3 microstructures in form of micro-wires, microplates and micro-cubes. The
microstructures exhibit a cubic phase structure. The growth starts from the periphery and
propagate to the center, giving forms of hollow cubes when the growth is not finished,
and each cube is the superposition of several perovskite layers. The optical properties
show an absorption peak at 523 nm and emission peak at 537 nm. On the other hand, the
second layer is based on CH3NH3PbI3 thin film doped with the monovalent metal ions Cu+
and Ag+. The thin films were fabricated using one-step solution process. The results
indicate that doping CH3NH3PbI3 thin film with small amount of Cu+ and Ag+ ions have
modified the morphology and structure of the perovskite layer by enhancing the surface
coverage and the perovskite conversion process. Besides, the optical properties show an
improvement in the absorption and PL intensities.
Based on these results, the perovskite solar cells were synthesized based on
CH3NH3PbI3 thin film doped with different concentrations of Cu+ ion. The consequences
of altering the concentration of the Cu+ ion on the performance of the perovskite solar cell,
were investigated. It was found that doping perovskite solar cell with small amount of Cu+
ion increased the power conversion efficiency of the solar cell from about 16.3% to 18.2%.
While, the excessed amount of Cu+ ion led to a decrease in the power conversion efficiency
of the perovskite solar cell to 4.4%.

Keywords: Perovskite, Thin Film, Microstructure, Perovskite Solar Cell.
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)Title and Abstract (in Arabic

تصنيع ودراسة خصائص هياكل البيروفسكايت الستخدامها في تطبيقات الخاليا الشمسية
الملخص

برزت مواد البيروفسكايت الهجينة العضوية-غير عضوية كجيل جديد ومواد واعدة يمكن استخدامها
في التكنولوجيا الكهروضوئية والتطبيقات الضوئية مثل الخاليا الشمسية والثنائيات الباعثة
للضوء) (LEDsوالليزر .تهدف هذه األطروحة إلى زيادة كفاءة تحويل الطاقة لخلية البيروفسكايت
الشمسية إما باستخدام طبقة من هياكل البيروفسكايت ،أو عن طريق تطعيم طبقة البيروفسكايت الرقيقة
بأيون معدني لتعزيز خصائصها المورفولوجية والبنيوية والبصرية.
المقترح األول يعتمد على تصنيع هياكل ميكروية من بيروفسكايت  CH3NH3PbBr3باستخدام طريقة
التجميع الذاتي بخطوة واحدة .هذه الطريقة مناسبة إلنتاج هياكل  CH3NH3PbBr3في شكل أسالك،
ألواح ومكعبات ميكروية .تُظهر هذه الهياكل بنية ذات طور مكعب .كما تظهر النتائج ان نمو هذه
الهياكل يبدأ من المحيط ثم ينتشر إلى الوسط ،مع إعطاء أشكال من المكعبات المجوفة عند عدم انتهاء
النمو ،ويكون كل مكعب عبارة عن تراكب لعدة طبقات من البيروفسكايت .بإضافة الد ذلك ،تظهر
الخصائص البصرية ذروة امتصاص عند  523نانومتر وذروة االنبعاث عند  537نانومتر .في الجانب
اآلخر ،يعتمد المقترح الثاني على تطعيم طبقة بيروفسكايت  CH3NH3PbI3الرقيقة باأليونات المعدنية
األحادية التكافؤ  Cu+و .Ag+تشير النتائج إلى أن تطعيم بيروفسكايت  CH3NH3PbI3بكمية صغيرة
من أيونات  Cu+وAg+قد حسنت مورفولوجيا وبنية طبقة البيروفسكايت من خالل زيادة مساحة
التغطية السطحية وتحسين عملية تحويل المواد المتفاعلة .بينما تظهر الخصائص البصرية تحسنا في
كثافة االمتصاص واالنبعاث.
بناء على النتائج السابقة ،تم اختيار تصنيع خاليا بيروفسكايت شمسية باستخدام ببيروفسكايت
 CH3NH3PbI3مطعم بكمية مختلفة من أيون .Cu+تم دراسة أثر تغيير تركيز أيون Cu+على أداء الخلية
الشمسية .وجد أن خلية البيروفسكايت الشمسية التي تحتوي على كمية صغيرة من أيون  Cu+قد زادت
كفاءة تحويل الطاقة للخلية الشمسية من  ٪16.3إلى  ،٪18.2بينما الكمية الزائدة من أيونات Cu+أدت
إلى خفض كفاءة تحويل الطاقة للخلية الشمسية إلى .٪ 4.4
مفاهيم البحث الرئيسية :بيروفسكايت ،أغشية رقيقة ،هياكل ميكروية ،خاليا البيروفسكايت الشمسية.
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Chapter 1: Introduction
1.1 Overview
Solar energy has become one of the most promising and important sustainable
energies for human civilization. One solar cell or solar panel which is a device that works
to convert solar energy to electricity, is powerful enough to replace the need of electricity
that is gotten from 650 barrels of oil per year [1]. Solar cells have received a considerable
interest from the scientists and researchers around the world who aim to enhance its power
conversion efficiency (PCE).
This thesis work highlights the use of nanotechnology in fabricating solar cell with
high PCE and better optoelectronic properties. It starts with literature review in Chapter
2. The chapter provides an introduction to the physics of the solar cells, and a perspective
on the history of solar cells from appearing until the present day. Its covers early attempts
to develop solar cells, and the subsequent growth of the modern solar cells. As well, it
demonstrates the classification of solar cells and its main types. This chapter focuses
specifically on perovskite solar cell (PSC) that is one of the most promising solar cells. It
provides an introduction in perovskite material, crystal structure, fabrication methods and
properties. In addition, it focuses on PSC devise structure and working principle.
Chapter 3 provides detailed information about the experimental procedures that
used to obtain the aim of the thesis. The chapter starts with the fabrication methods of the
perovskite structures. One step self-assemble method was used to fabricate perovskite
microstructure and one step method solution process was used to fabricate perovskite thin
films doped with different types and concentrations of metal ions. In addition, Chapter 3
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presents the fabrication method of the perovskite solar cell and the characterization tools
that used to study the morphological, structure, optical and electrical properties of the
perovskite structures and the perovskite solar cells.
However, Chapter 4 presents the results and the discussion of the experiments. It
presents the morphological, structure and the optical properties of the perovskite
microstructures, thin films and the solar cells. As well, it presents the perovskite solar cell
electrical properties.
Finally, the conclusion and the outcomes of the thesis are presented in Chapter 5.
1.2 Statement of the Problem
Silicon solar cell is the most common solar cell in the market. Its power conversion
efficiency has been increased from 12% to 26% in the last 40 years [2]. Nonetheless,
silicon solar cells contain elements with high toxicity and requires a complicated and
expensive synthesis techniques. However, organic-inorganic PSCs that based on
methylammonium lead halides (CH3NH3PbX3, X=I, Br, Cl) have shown a great power
conversion efficiency development from 3.8% to 25.2% over a span of 10 years [2].
Besides, they can be synthesized using relatively easy fabrication methods and by cheap
materials that are abundant in nature.
The PCE of the PCS can be increased by enhancing the perovskite absorber layer
morphology, structure and optoelectronic properties. Those can enhance the charge carrier
transportation and reduce the surface trap recombination of the solar cell. According to
many studies, this can be done by either doping perovskite layer with a small amount of
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metal ion that has an ionic radius less or equal to lead’s (Pb) ionic radius [3], or further by
using perovskite nanoparticles [4].
1.3 Research Objectives
The first objective of this thesis is to synthesize different perovskite structures that
can be used as absorber layer for solar cell application by simple and cheap fabrication
methods. The first structure is perovskite microstructures layer based on CH3NH3PbBr3
(MAPbBr3) and using one step self-assembly method. While, the second structure is a
high quality CH3NH3PbBr3 (MAPbI3) perovskite thin film with better morphology, optical
and electrical properties. The thin film is obtained by doping perovskite precursor solution
by the monovalent ions Cu+ and Ag+. These ions have an ionic radii equal to 0.091 nm
and 0.129 nm respectively, verses 0.133 nm for lead ion Pb+2. Recent calculation and
experimental results demonstrated that doping MAPbI3 with small amount of monovalent
ions can improve the crystalline and optoelectronic quality of the perovskite layer without
direct effect on the electronic band structure of the material [3].
The second objective of the thesis is to synthesize perovskite solar cell with high
power conversion efficiency using the appropriate perovskite layer obtained in the first
objective.
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Chapter 2: Literature Review
This chapter provides an introduction to solar energy, solar cells physics and solar
cells history and evolution. In addition, this chapter presents the main types of solar cells.
Special focus is pointed on PSCs, its architecture and working principle. As well, special
attention is given to the topics of perovskite crystal structure, fabrication methods and
properties.
2.1 Solar Energy
With the rapid increase of the energy demand due to the population expansion and
the economic growth, the statistics indicate that the energy consumption is expected to
experience an increase of ~28% from 169 PWh in 2015 to 216 PWh in 2040 [5]. Fossil
fuels such as coal, oil and gas are expected to contribute 77% of the world’s energy supply
in 2040 [5]. In addition, fossil fuels are undeniably impacting the environment and the
climate of our planet, where 87% of the carbon dioxide (CO2) which is one of greenhouse
gases emissions comes from the combustion of fossil fuels [6]. Therefore, the world is
currently seeking to find alternatives to non-renewable energy sources which are
considered as limited commodities that will deplete within several decades.
The development of clean and sustainable energies that are able to meet human
being’s energy demand is paramount as solution for this crisis. Throughout a few decades,
many green renewable energy sources including wind, geothermal, hydroelectric and solar
energies have been extensively developed. However, solar energy is considered as one of
the most promising renewable energy sources.
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In one minute the earth receives energy from the sun that is sufficient to supply the
world's energy needs for one year. From another perspective, “a three-day period of solar
radiation striking the earth is equivalent to the energy stored in all fossil energy sources”
[7]. Harvesting solar energy is done by using solar cells, and the solar energy production
depends on the efficiency of the solar cells.
2.2 Solar Cells
Solar cell is an electrical device most often a semiconductor device that has the
ability to convert the energy of sunlight directly into electricity.
2.2.1 The Physics of Solar Cells
Normally, solar cell is made by p-n junctions and it is synonymous with the term
photovoltaic cell. Photovoltaic cell has the ability to detect light and electromagnetic
radiation near the visible range whether it is from the sun or from an artificial sources and
convert it to voltage and current via the photovoltaic effect [7, 8].
2.2.1.1 The Photovoltaic Effect
The photovoltaic effect is a physical and chemical phenomenon that generates a
potential difference at the junction of two different materials in response to visible or other
radiation [8]. It occurs when a semiconductor material is illuminated by light source that
consist of photons with energy equal or higher than the semiconductors energy bandgap.
The energy bandgap in semiconductor materials is the energy difference between the top
of the valence band and the bottom of the conduction band [7, 9]. The valence band is the
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highest energy band occupied by electrons. The conduction band is the lowest energy band
where no states are occupied [5]. The photon energy (E) is given by:
E=

hc
λ

(1)

Where h is planks constant, c is the speed of light and λ is the wavelength of the
photon.
When the energy of the incident photon is equal or higher than the energy bandgap
of the semiconductor material, an electron is excited from the valence band to the
conduction band. In the same time, this electron leaves a hole with a positive charge at the
valance band that resulting in the generation of a free electron-hole pair. Then, the
electron-hole pair is separated by an electric field. The common electric field in solar cells
is built up by the p-n junction. In this manner, electrons move to the n-type side and holes
move to the p-type side. If an external circuit is connected, the carriers can flow through
the circuit and produce a current [7-10]. This current is known as the light-generated
current or photocurrent [5], and this process of creating potential difference between the
electrodes is known as the photovoltaic effect [9].
2.2.1.2 P-N Junction
Solar cell usually consists of a photoabsorber, which absorbs light to generate an
electron-hole pairs and two selective contacts to spatially separate the electrons and the
holes. The charges separation to the two different electrodes, is required to produce a
photovoltage. On way to make this separation is by creating an electric field in the material
of the solar cell. This is common in solar cells which are comprised of a p-n junction [11].
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P-N junction is a boundary or interface formed by joining n-type and p-type
semiconductor materials. The p-type semiconductor contains an excess of holes. It is
produced by doping a trivalent material into the semiconductor material. The trivalent
material has only 3 valence electrons that form a covalent bond with semiconductor
material. This results in a hole that can move freely. While, the n-type semiconductor side
contains an excess of electrons in the outer shells of the electrically neutral atoms. In order
to produce n-type semiconductors, pentavalent material that has 5 valence electrons, is
doped into semiconductor material. Since the covalent bond only form between 4 valence
electrons from each atom, the extra electron in the pentavalent atom is free to move and
can participate in conduction. The trivalent materials are called p-type dopant and the
pentavalent materials are called n-type dopant [7, 10, 11].
In the p-n junctions, the electrons near the interface diffuse from n-type to p-type,
and the holes move from p-type to n-type, since the n-type region has a high electron
concentration and the p-type has a high hole concentration. Meanwhile, the electrons
leave positive charges in the n-type and the holes leave negative charges in the p-type
[10]. The positive charges get accumulated near the n-side junction and negative charges
get accumulated near the p-side junction. Thus, an electric field is formed between them,
and the region is known as the depletion region [11]. Figure 1 shows p-n junction at
equilibrium and the depletion region.
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Figure 1: P-N junction equilibrium [9]

2.2.1.3 The Shockley-Queisser Limit
The sun is our source of light. The spectra of the sunlight at the Earth’s surface are
generally described by using the air mass (AM) coefficient [11]. AM0 is the spectral
distribution and intensity of sunlight outside the earth’s atmosphere. While, When the light
has passed through the atmosphere perpendicular to the Earth’s surface it is called AM1.
Solar cells are tested at the AM1.5G spectrum. It is observed at the sea level when the sun
at an azimuth angle of 48.19° with the Earth’s surface, at temperature of 25°C [8, 11].
According to the AM1.5 spectrum Figure 2, the maximum irradiance peak is in the visible
region [12].
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Figure 2: Solar irradiance spectrum above the atmosphere and at the sea level [12]

In 1961, Shockley and Queisser published a detailed balance PCE limit of single
p-n junction semiconductor solar cells. The calculation in Figure 3 shows maximum PCE
of single p-n junction semiconductor solar cell around 33.8% with a bandgap of 1.4 eV.
That bandgap is equivalent to wavelengths in the visible region [11, 13]. However, an
ideal solar cell must be able to convert the whole part of the spectrum to maximize the
yield of photogenerated current [12].

Figure 3: The Shockley–Queisser limit for the efficiency of a solar cell [11]
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2.2.2 Evolution and History of Solar Cells
The priority of inventing the solar cell is attributed to the French experimental
physicist Edmond Becquerel, when he discovered the photovoltaic effect in 1839.
Becquerel observed that there is a continuous current produced when two platinum
electrodes submerged in a conductive solution that is consisting of silver chloride
dissolved in an acidic solution, are exposed to light [14, 15].
In 1873, Willoughby Smith discovered the photoconductivity of selenium [16, 17].
That discovery led William Grylls Adams and Richard Evans Day in 1876, to publish a
paper with the title "The action of light on selenium", where they observed a poor
performance of the photovoltaic effect in the semiconductor selenium using candlelight
[14-19]. In 1883, Charles Fritts benefited from that paper and he made a solar cell using
selenium on a thin layer of gold to form a device with 1% of energy conversion efficiency
[14, 18].
The first practical modern solar cell device was developed in 1954 by scientists
Daryl M. Chapin, Calvin S. Fuller, and Gerald L. Pearson from Bell Laboratories in the
United States. That solar cell was based on silicon and had an efficiency of about 6% [14,
16, 18].
From 1955 to 1960, Hoffman Electronics was able to produce a commercial solar
cell with 14% efficiency [16, 18]. However, in 1994, the U.S. National Renewable Energy
Laboratory developed a solar cell based on indium gallium phosphide/gallium arsenide
(GaInP/GaAs) tandem junction that became the first solar cell exceeding 30% conversion
efficiency [14, 18, 19]. In 2005, DIY solar panels started to spread and they became more
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prevalent with each new year [20]. In 2013, Amonix demonstrated a high concentration
photovoltaic modules with 35.9% efficiency as reported by Fraas [18].
Silicon based solar cells are the dominant cells type used in various applications.
However, there is a high effort and numerous studies that aim to fabricate solar cell with
the ability to compete silicon solar cell in the terms of the cost of production and the
efficiency [19].
2.2.3 Types of Solar Cells
Solar cells are mainly classified based on the type of the semiconducting material.
There are many other classifications. For example, solar cells can be classified according
to the solar cell location. Some cells are designed to work on the surface of the Earth,
while others are optimized for space applications [19]. Moreover, Solar cells assorted
based on the number of layers that it contains, where some cells are made of only one
single layer of light-absorbing material which called single-junction. In contrast, others
are made of multiple physical configurations and it called multi-junctions. It was
developed to take advantage of various absorption and charge separation mechanisms [7].
However, the commonly used classification is derived from solar technology, and it
divided solar cells into first, second and third generation cells [20].
2.2.3.1 The First Generation Solar Cells
The first generation cells also called conventional, traditional or wafer-based cells,
are made of crystalline silicon. They are commercially the most commonly use PV
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technology. They form around more than 80% of all the solar panels sold around the world
since they have high efficiencies [19-21].
Crystalline silicon cells are categorized into two main types based on how the
silicon wafers are made. These types are Monocrystalline (Mono c-Si), and
Polycrystalline (Poly c-Si) [19-21].
Mono c-Si cells have provided a high power efficiency (up to 26%). It covers about
30% of the market. However, the fabricating of single crystalline silicon solar cells is hard
and expensive due to the difficulty of the purification process [21].
Poly c-Si cells are less pure than the single crystalline silicon and slightly less
efficient. Though, this technology gained more attraction due to the lower manufacturing
cost. The highest recorded efficiency for Poly c-Si cell is 21% [19-21].
2.2.3.2 The Second Generation Solar Cells
Second generation cells are thin film solar cells. They are basically thin layers just
1-4 μm thick of semiconductor materials applied to a solid backing material such as glass,
polymer or metal [7, 18]. Examples of materials that are used for thin film solar cells are
amorphous silicon (a-Si), gallium arsenide (GaAs), copper indium selenide (CIS),
cadmium telluride (CdTe), indium diselenide (CuInSe2) and titanium dioxide (TiO2) [20,
21].
In thin film cells the required amount of semiconductor material for each cell is
significantly low compared to silicon cells, hence the cost of producing the photovoltaic
cells decreases. Thin films are commercially more applicable in utility scale photovoltaic
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power stations, buildings integrated photovoltaics or in small standalone power system.
They made around 20% of the total cells sold in the market in the past years [19-21].
2.2.3.3 The Third Generation Solar Cells
Third generation solar cells have been emerged because of the high costs of the
crystalline silicon solar cells, and the toxicity and limited availability of materials for thin
film solar cells [20]. This generation has various types of solar cells, include the polymer
based solar cells. Nanocrystal solar cells that are based on silicon substrate coated by a
thin film of nano-crystals and obtained by spin coating. Photo-electrochemical cells made
of a semiconducting photo-anode. Dye synthesized solar cells usually made of metal
organic compounds such as perovskite [20, 21].
Third generation solar cells are lightweight, inexpensive, flexible, and disposable
at any molecular level. They have small harmful impact on the environment and its
molecules are highly affected by increasing temperature [20, 22]. Although, their
efficiencies are very low and the absorber material has often short stability, there is a great
research concern into these technologies since they promise to achieve the goal of
producing low-cost, high-efficient solar cells [19-21]. Figure 4 presents the architectures
of solar cells with PCE more than 20%.

Figure 4: Schematic representation of solar cells with record efficiencies above 20% [23]
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2.3 Perovskite Solar Cells
The extraordinary optical and electrical properties have made organometal halide
perovskites excellent materials for photovoltaic (PV) and light emission applications such
as light-emitting diodes (LEDs), laser and photodetectors [24]. Nonetheless, solar cells
have received much interest as the most promising photovoltaic devices [25] because of
the rapid evolution of its power conversion efficiency (PCE) [26].
Perovskite solar cells are a type of solar cells that use perovskite material as a light
absorber material [27]. The first such solar cell was fabricated in 2009 with PCE of 3.8%
by Miyasaka and co-workers in liquid dye-sensitized solar cells as demonstrated by
Kojima et al. [19, 23, 27, 28]. After extensive research, from around the world within
several years, the PCE of perovskite solar cell reached 25.2% in August 2019 [2].
2.3.1 Perovskite Material Crystal Structure
Perovskite is a large crystallographic family [28] that adopt the same crystal
structure as calcium titanate (CaTiO3) [30]. It was discovered by Gustav Rose in 1839 and
named after the Russian Mineralogist Count Lev Perovski [29, 31]. The perovskite
structure has the general ABX3, three-dimensional (3D) structural framework [32]. Where
A and B are cations of different sizes and X is an anion [31]. As shown in Figure 5, it
involves a corner-sharing network of 6-fold coordination of B cation BX6 (octahedra) with
the A cation occupying the 12-fold coordination site AX12 formed in the middle of the
cube of eight such octahedron [29, 32, 33].
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Figure 5: Schematic representation of ABX3 perovskite structure [7]

The stability of 3D perovskite structures can be evaluated via two parameters, the
first parameter is the Goldschmidt tolerance factor t, given by:
t=

rA + r X

√2(rB +rX )

(2)

Where rA, rB, and rX denote the ionic radii for the corresponding ions.
The tolerance factor must be closed to unity, and empirically the majority of 3D
perovskites form in the ranges 0.81 ≤ t ≤ 1.0 [31-34]. While, the second parameter is the
octahedral factor μ. It measures the stability of the octahedral and μ is given by:
μ=

rB
rX

(3)

Typically, the octahedral factor must lay in the range of 0.44 ≤ μ ≤ 0.9 [24, 30].
The A and B ions can be varied widely [33]. Numerous combinations of elements
and molecules are thus available to create the perovskite family with a multitude of
properties [36].
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Organic-inorganic perovskites are one group of perovskite material that emerging
as a new generation and the most promising materials for solution-processable
photovoltaic technology. These perovskites are versatile materials that can be prepared
from inexpensive compounds that are abundant in nature. They combine the useful
properties of both organic and inorganic materials, and they exhibit very interesting
features, such as wide set of morphologies, unique optical and exitonic properties, as well
as high electrical conductivity. Furthermore, they can be processed by a large number of
techniques such as spin coating, dip coating, two-step interdiffusion, chemical vapor
deposition and thermal evaporation [36-40].
Organometal halide perovskites are widely studied since 1990 due to their unique
optoelectronic properties [19]. They are described by the AMX3 formula, where A is an
organic cation include methylammonium CH3NH3 (MA) and formamidinium
NH2CH3NH2 (FA). The main candidate for the divalent metal M is lead (Pb) which can
be replaced by tin (Sn). While, X is a halide anion such as bromine (Br), iodine (I) and
chlorine (Cl). Methylammonium lead halide perovskites (CH3NH3PbX3, X= I, Br, Cl) are
the commonly used and the most effective compounds for solar cells applications [40-42].
Figure 6 presents the cubic crystal-structure of the CH3NH3PbI3. Figure 7 illustrates the
calculation of the Goldschmidt tolerance factor and octahedral factor of 24 common
perovskite compounds.
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Figure 6: Schematic representation of cubic crystal-structure of the CH3NH3PbI3 [11]

Figure 7: Calculation of the Goldschmidt tolerance factor and octahedral factor of 24
common perovskite compounds [6]
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2.3.2 Perovskite Fabrication Methods
Organometal halide perovskite was first synthesized by Weber in 1978 as Peng et
al. reported. Weber fabricated methylammonium lead halide CH3NH3PbX3 in the cubic
perovskite crystal structure, through mixing some precursor solutions [43, 44]. Later,
various deposition methods have been developed for preparing perovskite films. The three
main effective methods are solution processing method, vapor-assisted solution method
and duel evaporation method [45].
2.3.2.1 Solution Processing Method
Solution processing method is the most popular technique being used to synthesis
perovskite material, where the high efficiencies in small devices have been achieved using
spin-coating deposition technique for the solution processing method [46].
Perovskite deposition by solution processing, follows mainly two fabrication
techniques. The first technique is a one-step solution process via spin coating presents in
Figure 8. In this simple process, the perovskite precursor solution that made of metal
halide (MX2) and organic halide (AX) dissolved in polar solvent (such as N,Ndimethylformamide (DMF)), is spin coated onto the substrate. During the spinning, the
excess precursor solution will be removed, while the remains on the substrate will be dried
gradually by further spinning. This step is followed by thermal annealing to fully
crystallize the perovskite. Nevertheless, uncontrollable precipitation of the perovskites
leads to obtain a discontinuous film with large morphological variations and pinholes.
Besides, the annealing time that required for the formation of perovskite is relatively long
(typically 1-2 h) [45-52].

20

Figure 8: Schematic representation of one-step solution process method [50]

The second technique is two-step sequential solution deposition. According to
Burschka et al, this method has been proposed by Grätzel’s group in 2013 to overcome
the disadvantages of the one step method [53, 54]. In the two-step solution method, high
concentration of metal halide (MX2) solution first spin-coated onto the substrate, followed
by either dipping into or spin-coating organic halide (AX) solution (dissolved in
anhydrous isopropanol (IPA) to produce the perovskite layer. The two-step solution
method techniques are shown in Figure 9. The advantages of this method are the ability
to control the film morphology, and the deposited perovskite film is compact and uniform.
However, high-quality perovskite film needs a dense layer of metal halide (MX2)
precursor film, such film is more difficult to convert completely into perovskite [43, 48].
These two solution techniques have been manipulated and processed in many different
ways in order to produce perovskite films with higher quality and various properties.
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(a)

(b)

Figure 9: Schematic representation of two-step process method by (a) dipping, (b) spin
coating [11]

2.3.2.2 Vapor-assisted Solution Method
The second method is vapor-assisted solution method which was first established
by Yang and co-workers as Chen et al. reported. They aimed to prepare high-quality,
pinhole-free MAPbI3 films [55]. The method is summarized in Figure 10. In this method,
metal halide (MX2) precursor solution first deposited on the substrate to form a highly
compact and uniform film. Subsequently, it treated with organic halide (AX) vapor at mild
temperature under ambient condition to induce the reaction to form the perovskite. This
method has shown an improvement in the perovskite conversion without causing
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significant degradation in the film during the conversion reaction process [47, 48, 55].
Figure 11 shows SEM top-view images of perovskite film deposited from different
techniques.

Figure 10: Schematic representation of vapor-assisted solution method [47]

Figure 11: SEM top-view images of perovskite film deposited from different techniques:
(a) one step deposition at scale 10 μm, (b) two step by dipping, at scale 1 μm, (c) two step
spin coating at scale 1 μm, (d) two step vapour assisted at scale 500 nm [12]
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2.3.2.3 Dual Evaporation Method
Dual evaporation method has been widely used to prepare high-quality thin films.
The resulting perovskites which were prepared by co-evaporation of two precursors (metal
halide and organic halide) using dual-source vapor deposition device, exhibit satisfactory
film coverage and uniformity. However, the difficulty in controlling the source
temperature is one of the dual evaporation method technical challenges. The
uncontrollable temperature leads to a difficulty in controlling the precursor ratio and
therefore the perovskite formation, since perovskite materials have relatively low thermal
stability. Further, this technique demands a high vacuum, that requires a huge energy to
labor [43, 47, 55, 56]. Figure 12 presents a schematic representation of dual evaporation
method and SEM images of perovskite films obtained by dual evaporation method.

Figure 12: Dual evaporation method: (a) schematic representation [54], (b) SEM image at
scale 10 μm [5]
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2.3.3 Perovskite Properties
Organometal halide perovskites structural, morphological, and optoelectronic
properties can be manipulated by using different deposition techniques and by altering
their chemical composition [36].
2.3.3.1 Perovskite Morphology
Perovskites have been synthesized in different forms and shapes such as thin films
and micro and nanostructures. Early, solution processing and vapor evaporation
techniques have been used to produce perovskite thin films [11]. However, since 2014
great attention and effort have raised toward perovskite nanocrystals. Perovskite
nanocrystals in form of quantum dots, nanowires, nanoplatelets and nanocubes have been
synthesized, as shown in Figure 13 [57-59].

Figure 13: SEM images of perovskite thin film and perovskite nanostructures: (a) and (b)
Perovskite thin film. (c) Perovskite nanowires and nanoplatelets [33]
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2.3.3.2 Perovskite Optical Properties
Organometal halide perovskites has been demonstrated as super optical-gain
materials with excellent optical properties [52]. They show an absorbance over the entire
visible region with large absorption coefficients in the order of 104-105 cm−1 [57]. The
higher value of absorption coefficient of perovskites is contributing in reducing the
absorber layer thickness down to 500 nm [22]. In addition, it has an optical bandgap
(absorption edge) that can be tuned to match any wavelength in the visible spectrum by
varying the organic cation, metal cation and/or halide ion of the precursor. For example,
it was found that methylammonium lead iodide perovskites (CH3NH3PbI3) has a small
bandgap about 1.5 eV that correspond to absorption edge around 800 nm. Nevertheless,
when iodine was replaced with bromine the absorption edge was shifted to nearly 550 nm
with higher bandgap for about 2.3 eV, while substituting chlorine in the bromine place
further decreases the absorption edge to approximately 420 nm and increasing the bandgap
to almost 3 eV [43, 47, 57, 60, 61].
Furthermore, organometal halide perovskites reveal strong and tunable
photoluminescence (PL) as well high photoluminescence quantum yield (PLQY) up to
90%, as shown in Figure 14. For instance, Pb perovskites composed of MA or FA cation
and I anion emit between 700 and 800 nm, while the CH3NH3SnI3 perovskite shows an
emission covering broad region of near-IR spectrum (850-1000 nm). Whereas,
CH3NH3PbX3 QDs has tunable PL spectra from 407 to 734 nm. This can be done by
tailoring and mixing the composition of halide anions [43, 52, 57-59]. Figure 14 (a) shows
the tunable UV-Vis absorption spectra of FAPbIyBr3-y perovskites. While Figure 14 (b)
presents the emission spectra for the same films.
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Figure 14: Absorbance and PL spectra of perovskites: (a) UV-Vis absorption spectra of
FAPbIyBr3-y perovskites. (b) Corresponding steady-state PL spectra for the same films
[43]

2.3.3.3 Perovskite Electrical Properties
In addition to the remarkable optical properties, organometal halide perovskites
possess an interesting electrical properties. These properties such as charge carrier
mobilities, long diffusion lengths, and long diffusion lifetimes have caught the attention
of the scientists [43, 57, 60]. These properties are greatly influenced by perovskite
synthesis methods and they improve as the fabrication techniques of the materials are
advanced [40, 55]. Carrier type, concentration and mobility which is the ability of charge
carrier (electrons or holes) to move within a semiconductor in the presence of an applied
field, are the basic electrical properties of perovskite materials. They have been found to
influence by the perovskites synthesis method. Stoumpos and his group showed that
solution processing method produce n-type carrier with the lowest concentration, while
solid state reactions construct p-type carrier. In addition, Hall effect resistivity
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investigation demonstrated that polycrystalline CH3NH3PbI3 shows n-type conductivity
with high carrier concentration of ∼109 cm-3 and an electron mobility of 66 cm2/V.s [62].
On other hand, Yang’s group investigation of CH3NH3PbI3 thin film observed a
significance ionic conductivity than electronic conductivity. Similarly, electron mobility
of CH3NH3SnI3 synthesized by solution processing method is much smaller than the
electron mobility of the same perovskite fabricated by solid state reaction, with values of
200 cm2/V.s and 2320 cm2/V.s respectively [63]. In general, organometal halide
perovskites exhibit a balanced electron and hole transporting behavior (mobilities) that
exceeding 10 cm2/V.s in perovskite films and above 100 cm2/V.s in perovskite single
crystals [54, 57, 64-66].
Moreover, perovskites diffusion length, which is in semiconductor materials, the
motion of charge by diffusion from regions of high carrier population to areas with lower
carrier populations, increased from values less than 1 μm to exceeding 10 μm in few years
[38, 45]. As well, they exhibit long carrier lifetimes which is the time that charge required
to recombine under nonthermodynamic equilibrium situations, such as photoexcitation, of
about 1 μs or more is in single-crystal and polycrystalline films [58, 67].
2.3.4 Perovskite Solar Cell Device Architectures
Perovskite solar cell is a p-i-n junction solar cell. It consists of a glass substrate
followed by five deposited layers: the first layer is the anode who’s responsible of carrying
the electrons to the external circuit. The common used anodes in the PSC are indium tin
oxide (ITO) or fluorine doped tin oxide (FTO). The anode followed by the second layer
which is the N-type material or electron transporting layer (ETL) such as compact TiO2
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and [6,6]-phenyl C61-butyric acid methyl ester (PCBM). The third layer is the perovskite
active layer where the electron-hole pair occurs due to the light photon absorption. The
fourth layer is the P-type material or the hole transporting layer (HTL) such as 2,2’,7,7’tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene

(Spiro-OMeTAD)

and

poly(3,4-ethylenedioxythiophene) poly(styrene-sulfonate) (PEDOT:PSS). The structure
is completed by the fifth layer that is the cathode, usually it is a metallic electrode such as
gold, silver and copper [9, 10, 26]. This structure is n-i-p structure. When the order of ETL
and HTL materials is switched the structure become p-i-n structure.
The main two types of perovskite solar cells structures are mesoporous solar cell
which require high temperature (over 450℃) to process, and planar heterojunction solar
cell which offers more substrates, electrodes, HTL and ETL materials options, because of
the capability to be fabricated at low temperature [68]. The difference between the two
structures is that in mesoporous structure a mesoporous metal oxide layer (such as
mesoporous titanium oxide TiO2 and aluminum oxide Al2O3) filled with perovskites
material is used as the perovskite active layer. While in planar heterojunction structure a
thin layer of perovskite is sandwiched between electron transport layers (ETL) and hole
transport layers (HTL). Besides, there exist a third type of structures that combine both
mesoporous and planar structures. Meso/planar structure is mesoporous metal layer filled
with perovskite and covered by perovskite capping layer [43, 69]. The most commonly
used structure is the mesoporous perovskite solar cells because it gives the highest
efficiencies [43]. Figure 15 presents a schematic representation of n-i-p PSC, p-i-n PSC
and mesoporous PSC.
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Figure 15: Schematic representation of perovskite solar cell structures (a) n-i-p (b)
p-i-n (c) mesoporous [23]

2.3.5 Perovskite Solar Cell Working Principle
Perovskite material behave like the traditional semiconducting materials. The
working principle of PSC is summarized in Figure 16. Photons from the sun with
sufficient energy is absorbed by the perovskite layer, that will lead to excite an electron
from the valence band to the conduction band. Meanwhile, the excited electron leaves a
hole with a positive charge in the old state. The electron-hole pair is separated to free
charge carriers by the electric potential created by the electrodes. In this manner, the
electrons are transported to the ETL while the holes are transported to the HTL. From
there the electrons and the holes move toward the electrodes, then If the PSC is connected
to an external circuit, the electron will move through the wires producing a current [10,
26, 69].
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Figure 16: Schematic representation of energy band diagram showing how perovskite
solar cells operate [70]
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Chapter 3: Materials and Experimental Methods
This chapter summarizes the materials, fabrication methods and the
characterization tools used in this thesis. It provides the detailed fabrication methods for
the perovskite thin film, microstructures and the perovskite solar cell.
3.1 CH3NH3PbBr3 Perovskite Microstructure Fabrication Method
The perovskite

microstructures under

this

study is

methylammonium

lead bromide CH3NH3PbBr3 (MAPbBr3). The MAPbBr3 perovskites microwiresmicroplates and micro-cubes were synthesized using a one-step solution self-assembly
method, which has been reported by Zhang et al. and summarized in Figure 17 [52, 71].
CH3NH3Br and PbBr2 were independently dissolved in DMF with the same concentration
equal to 0.2 M. Then 1:1 volume ratio of the two solutions were mixed at room
temperature to form CH3NH3Br - PbBr2 solution with concentration of 0.1 M. The
precursor solution was deposited on glass or silicon substrate, then was placed on a Teflon
stage in a beaker that filled to the middle with Dichloromethane (CH2Cl2). The beaker
sealed

with

a

porous

Parafilm

to

control

the

evaporation.

After
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hours, MAPbBr3 Perovskites microstructures (microplates and microwires) were form
successfully on the substrate.
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Figure 17: Schematic representation of MAPbBr3 perovskite microstructures fabrication
method

3.2 CH3NH3PbI3 Perovskite Thin Films Fabrication Method
The perovskite thin film used in this thesis is methylammonium lead iodide
perovskite CH3NH3PbI3 (MAPbI3) doped with copper (Cu) and silver (Ag) ions. Copper
iodide (CuI) and silver iodide (AgI) are monovalent cation halides and the source of the
metal ions that used to enhance the morphological, optical, and electrical properties of
MAPbI3 perovskite film.
The preparation method is based on one-step solution deposition technique that is
followed Abdi-Jalebi et al. procedure [3] and summarized in Figure 18. The fabrication
method started by preparing the first precursor solution the metal halide solution by
dissolving 460 mg (1 M) of PbI2 in 1 mL of N,N-dimethylformamide (DMF), followed by
adding the monovalent cation halides (CuI, and AgI) to the solution. The next step was
to prepare the organic halide solution by dissolving 159 mg (1 M) of methylammonium
iodide CH3NH3I (MAI) in 1 mL of DMF. 1:1 volume ratio of the two solutions were mixed
at room temperature to form the perovskite precursor solution. The resulting yellow
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transparent solution then spin-coated onto the substrate for 30 sec at 3000 rpm. In the last
step, the resulting film was baked on a hotplate at 100°C for 30 min.

Figure 18: Schematic representation of MAPbI3 perovskite thin films fabrication method

3.3 Perovskite Solar Cells Fabrication Method
The perovskite solar cell proposed in this thesis is a planer perovskite solar cell
based on MAPbI3 doped with Cu+ ion. The synthesis method started first by fabricating a
patterned FTO substrates. This were done by etching the FTO glass with zinc powder and
HCl. The patterned substrates were then cleaned by sonication in hot Hellmanex solution,
acetone, ethanol, and deionized water, successively. Then, The NiOx film was deposited
by spin-coating NiOx nanoparticle precursor solution on the FTO substrates. The spincoating process was conducted in air at 3000 rpm for 30 sec. The thickness of the NiOx
films was adjusted by varying the concentration of the NiOx precursor. The wet film was
baked at 150°C for 10 min and then further annealed at 500°C in air for 1 hour again.
To further continue the fabrication method, the FTO/NiOx substrates were
transferred into a glovebox and the perovskite film layer was deposited on the NiOx film
by the spin-coating process. The spin-coating started at low speed of 1000 rpm for 5 sec
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to spread the solution, and then high speed of 3000 rpm was used for 35 sec to evaporate
the solvent. Before the end of the spin-coating, 0.13 mL of chlorobenzene was dropped
onto the film while spinning. The films were then baked at 100°C for 30 min. Then, PCBM
layer was spin-coated at 1500 rpm for 45 sec onto the perovskite. Finally, an Ag film with
a thickness of about 100 nm was deposited onto the PCBM layer by thermal evaporation
to finish the device fabrication. Figure 19 is a schematic diagram representation of
MAPbI3 / NiOx based perovskite solar cell.

Figure 19: Schematic diagram of MAPbI3 / NiOx based perovskite solar cell

3.4 Characterization
Scanning Electron Microscopy (SEM, JEOL, JSM-5600) was used to record the
morphology of the MAPbI3 films, MAPbBR3 microstructures and the PSC. X-ray
diffraction (XRD) was employed to characterize the crystal structure of the perovskite
films and microstructures using Shimadzu 6100 X-ray diffractometer, with Cu-Kα
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radiation (λ= 1.5406 Å). Spectrophotometer (JASCO V-670) was used to probe the
absorption of the perovskite films and microstructures deposited on glass substrates. The
photoluminescence (PL) of the perovskite films and microstructures were measured using
Confocal Microscope Ramen/PL system (FEX-u) with laser λ= 532 nm and power 1%
mW. The time-resolved photoluminescence (TRPL) were measured using time-correlated
single-photon counting on a LifeSpec II (Edinburgh Instruments) λex= 480 nm. A
fluorescence microscope Olympus BX51 with excitation laser wavelength of 407 nm was
used to study the structures in 2D and 3D.
For the PSC electrical properties, the current density-voltage (J-V) curves were
obtained by Keithley 2400 source, on an active area of 10 mm2 for each pixel, without any
pre-conditioning, at a scan rate of 380 mV/s in the voltage range from -0.1-1.2 V. This is
done by shining light on the solar cells using ABET solar simulator system with an
illumination intensity of 1000 mW/cm2 (AM 1.5G), and measuring the current it generates
divided by the solar cell area as a function of bias voltages applied across its contacts.
The J-V curve is used to obtain the Perovskite solar cell PCE, where PCE is given
by:
PCE =

Pgenerated FF*Voc *Jsc
=
Pin
Pin

(4)

Where Pin is the incident solar light power, Voc is the open circuit voltage that is
the voltage when the current is zero. Jsc is the short-circuit current that is the current
through the solar cell when the voltage is zero [25, 42, 67]. FF is the fill factor of a solar
cell, which is the ratio of the solar cells maximum power and the ideal power output:
Pmax = Vmax *Jmax

(5)
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Pi = Voc *Jsc

(6)

Figure 20 presents the typical J-V curves of a solar cell in dark, solar cell under
illumination and the power curve.

Figure 20: Typical J-V curves of a solar cell in dark (black dashed line) and under
illumination (black solid line) showing some characteristic points. The power curve (P =
I × V) is displayed in the red solid line [5]

In addition, the PSCs performance characterize by external quantum efficiency
(EQE (λ)), which is an important parameter that describes the solar cell capability of
converting the incident photons into extracted photocurrents [21]. It is defined as "the
number of electrons that can be extracted from the device divided by the number of
photons incident on the device as function of the wavelength of the incident light" [5]:
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EQE(λ) =

number of electrons out of device
Jsc /q
=
number of photons incident on device P(λ)/( hc )
λ

(7)

where hc/λ is the energy of a photon with a wavelength λ, P(λ) is the incident
power at wavelength λ, q refers to the charge of an electron [23].
Besides J-V and EQE measurements those provide an insight of the photovoltaic
performance of the measured solar cell, light intensity dependent measurements of the Jsc
and Voc can give us a better understanding of the recombination mechanisms that affect
the device performance [5].

38
Chapter 4: Results and Discussion

The perovskite thin films were synthesized and characterized to determine their
morphologies, crystal structures and optical properties. Thus, the appropriate structure
was used as absorber layer in the fabricated solar cells that are finally characterized to
investigate their performance.
This chapter presents the fabricated MAPbBr3 microstructure morphology, crystal
structure and the optical properties. In addition, it presents the result of doping MAPbI3
film with Cu+ and Ag+ ions. It provides a detailed discussion about the effect of Cu+ and
Ag+ ions on the morphology, crystal structure and the optical properties of MAPbI3 film.
As well, it affords the results of the photovoltaic performance of the PSCs doped with Cu+
ion.

4.1 MAPbBr3 Perovskite Microstructures

One-step solution self-assembly method produced perovskite microstructures
(microwires, cubes and microplates). The morphology and the structure were analyzed
using SEM, fluorescence microscope, and X-ray diffraction. The optical properties were
studied by PL and correlated to fluorescence microscope observations.

4.1.1 Morphology and Crystal Structure

SEM observations of perovskite microwires, microcubes and microplates are
presented in Figure 21. A wide range of CH3NH3PbBr3 microplates and microwires are
formed on the silicon substrate (Figure 21 (a) to (c)). The range of microwires in length
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of few microns to more than 100 μm and in width of few hundred nm to 40 μm. Most of
microwires were found to have rectangular cross-sections as shown in Figure 21 (c).

Figure 21: SEM and 2D fluorescence microscope images of MAPbBr3 microstructures:
(a)-(b) SEM images of MAPbBr3 microplates, (c) SEM images of MAPbBr3 microwires,
(d)-(e) 2D fluorescence microscope images of the microplates and microwires

A fluorescence microscope was used to study these microstructures in 2D as
shown in Figure 21 (d, e). Using excitation wavelength at 407 nm, the micro-plates
show a green emission with the same geometrical form as shown on the SEM
images. Moreover, the emission is uniform from these microstructures.
Furthermore, several cubes with hollow interior were observed as shown on SEM
image in Figure 22 (a). The 3D fluorescence microscope images, in Figure 22 (b, c),
support Chen’s et al. approach [72] that explains MAPbBr3 growth and crystallization

40
mechanisms when anti-solvent vapor-assisted crystallization method is used. The growth
starts when the crystallization occurs in the supersaturated MABr·PbBr2·DMF precursor
solution and MAPbBr3 molecules condense into small nuclei or seeds. Those MAPbBr3
seeds coalesce into bigger particles after short time. When the precursor solution is deposit
on the substrates the MAPbBr3 particles gradually self-assembled into a hollow structure
like hollow cage. These crystals accumulate in layered stacked structure, and continued to
grow until the final cubic single crystal is formed. The whole growth starts from the
perimeter and propagate to the center, giving forms of hollow cubes when the growth is
not finished due to the lack in the crystal nuclei crystallized around the crystal, and each
cube is the superposition of several perovskite layers.

Figure 22: MAPbBr3 cube with hollow interior (a) SEM image, (b)-(c) 3D fluorescence
microscope images
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To identify phases of the crystalline perovskite, X-ray diffraction spectrum is
presented

on

Figure

23.

of these microstructures exhibits

The

X-ray

a cubic

diffraction

(XRD)

phase structure of

patterns

CH3NH3PbBr3

with Pm3̅m space group symmetry. The diffraction peaks corresponding to the plans
(001), (002), (211), (022), and (003). The cubic phase of MAPbBr3 appears without the
presence of other impurities and the lattice parameter a is equal to 5.9403 Å,
which is consistent with the literatures [73].
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Figure 23: XRD patterns of MAPbBr3 microstructures at room temperature

4.1.2 Optical Properties

The photoluminescence (PL) and the optical absorption of MAPbBr3 were studied
and presented in Figure 24. The optical absorption has a peak at 523 nm. The PL emission
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has a sharp emission peak at 537 nm with FWHM equal to 21 nm. The emission
wavelength at 537 nm is in accord with the green emission got it from the fluorescence
microscope. Furthermore, the emission peak of MAPbBr3 microstructures (microwires,
cubes and plates) is comparable to the emission peak measured on thin films and quantum
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Figure 24: Optical absorption and PL spectra of MAPbBr3 microstructures: PL spectra of
microstructures at room temperature (green line). Optical absorption of perovskite
microstructures deposed on quartz substrate (red line)

4.2 MAPbI3 Perovskite Thin Films
Three different perovskite thin films were studied and characterized in this thesis.
The comparison was made between pristine MAPbI3 perovskite thin film, MAPbI3
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perovskite thin film doped with 0.01 M of Cu+ ion and MAPbI3 perovskite thin film doped
with 0.01 M of Ag+ ion.
4.2.1 Morphology and Crystal Structure
The morphology and crystalline structure of the prepared samples pristine
MAPbI3, MAPbI3 doped with 0.01 M of Cu+ ion and MAPbI3 doped with 0.01 M of Ag+
ion, were determined by SEM and XRD measurements, respectively.
Figure 25 shows top-view SEM images of pristine MAPbI3 (a, b), MAPbI3 doped
with 0.01 M of Cu+ ion (c, d) and MAPbI3 doped with 0.01 M of Ag+ ion (e, f) deposited
on glass substrates and coated by gold (Au) layer.
The images show a rod shaped perovskite crystals with poor coverage on the glass
substrates. In one-step spin coating method, the morphology of MAPbI3 perovskite is
related to the crystal growth rate between MAI and PbI2 while DMF is rapidly
evaporating. Since MAI has good solubility while PbI2 has good crystallinity and poor
solubility in the precursor solution, this leads PbI2 crystals to precipitate first during the
spin coating process, and then react with MAI to form MAPbI3 crystals. Therefore, it was
suggested that the asynchronous reaction between PbI2 and MAI is likely leads to the
growth of rod like shaped MAPbI3 crystals [75, 76]. The addition of 0.01 M of Cu+ and
Ag+ ions to the MAPbI3 perovskite seems to improve the surface coverage of the
substrates.
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Figure 25: Top-view SEM images of MAPbI3 thin films: (a)-(b) pristine MAPbI3 film,
(c)-(d) MAPbI3 film doped with 0.01 M of Cu+ ion, (e)-(f) MAPbI3 film doped with 0.01
M of Ag+ ion, at magnification of 10 µm (a), (c), (e) and 5 µm (b), (d), (f)

The morphology and the crystallinity of the perovskite films has great influence
on perovskite photovoltaic performance, especially the charge diffusion length, and
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charge transportation and dissociation [58]. Figure 26 shows the X-ray diffraction (XRD)
patterns for the thin film samples: pristine MAPbI3, MAPbI3 doped with 0.01 M of Cu+
ion, and MAPbI3 doped with 0.01 M of Ag+ ion. The three MAPbI3 films exhibit strong
diffraction peaks at 14.2ο, 28.5ο and 31.9ο those are corresponding to the (110), (220) and
(310) crystal planes of tetragonal perovskite, respectively. As well, there are some
diffraction peaks at 20ο, 23.5ο, 24.5ο, 34.9ο, 40.6ο, 43.3ο and 50.1ο those are corresponding
to the tetragonal perovskite crystal planes (200), (211), (202), (312), (400), (314) and
(404), respectively [41, 60 ,77, 78]. The lattice parameters of the tetragonal perovskites
were found to be a=b= 8.82 Å and c= 12.62 Å, those are consistent with the
literatures [78].
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Figure 26: XRD patterns of MAPbI3 thin films: pristine MAPbI3 thin film(red line),
MAPbI3 film doped with 0.01 M of Cu+ ion (green line), and MAPbI3 film doped with
0.01 M of Ag+ ion (purple line)
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4.2.2 Optical Properties
UV-vis absorption spectra, photoluminescence (PL) spectra and time resolved PL
(TRPL) are used to study the photophysics of the undoped and the doped MAPbI3
perovskite films. The UV-Vis of MAPbI3 films: pristine MAPbI3, doped with 0.01 M Cu+
ion film and the MAPbI3 doped with 0.01 M Ag+ ion is shown in Figure 27. The three
MAPbI3 perovskite thin films show strong absorption intensities in the range from the
visible to the near-infrared wavelengths. In addition, the shape of the absorption spectrum
did not affect by the Cu+ or Ag+ ions doping. However, Cu+ ion doping has increased the
absorption intensity of the perovskite film and it reached the highest intensity by doping
MAPbI3 film with Ag+ ion with the same thickness.
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Figure 27: UV-Vis absorption spectra of MAPbI3 thin films: pristine MAPbI3 film (red
line), MAPbI3 film doped with 0.01 M Cu+ ion (green line) and MAPbI3 film doped with
0.01 M Ag+ ion (purple line)
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Figure 28 presents the PL measurements of the three MAPbI3 perovskites
deposited directly on glass substrates without using HTL or ETL to avoid exciton quench
by those materials. The three MAPbI3 perovskite thin films show maximum PL peaks at
770 nm. While, the incorporation of Cu+ and Ag+ ions significantly enhanced the PL
intensity of the MAPbI3 perovskite. Ag+ ion doping has increased the PL intensity more
effectively than Cu+ ion. In addition, no spectral shift is apparent between the pure
MAPbI3 film and the doped films. This indicates that doping MAPbI3 with Cu+ or Ag+
ions contributes in decreasing the non-radiative recombination in the perovskite thin films
[60].
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Figure 28: The steady-state PL spectra of MAPbI3 thin films: pristine MAPbI3 film(red
line), MAPbI3 film doped with 0.01 M of Cu+ ion (green line), and MAPbI3 film doped
with 0.01 M of Ag+ ion (purple line)

To further confirm the charge dynamic of the perovskite thin films, the timeresolved PL decay was tested via monitoring the peak emission at 760 nm for the pristine
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MAPbI3 perovskite and the doped with 0.01 M Ag+ ion, and at 762 nm for the MAPbI3
perovskite doped with 0.01 M Cu+ ion. The samples were prepared on glass substrates,
and TRPL decay is shown in Figure 29.
The PL decay curves were fitted with a tri-exponential decay function, including
fast decay (t1) and intermediate decay (t2) that present the non-radiative decay, and slow
decay(t3) process that present the radiative decay.
The related parameters are summarized in Table 1. For the pristine MAPbI3
perovskite the average lifetime is 11.08 ns, while for the Cu+ doped film the average decay
lifetime is 10,63 ns. And for the Ag+ doped perovskite thin film, the average decay lifetime
is 18.33 ns. These TR-PL results indicating that doping MAPbI3 perovskite would increase
the average decay lifetime, as well reduce the defect density which suppress non-radiative
recombination in the photo-conversion process [60].
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Figure 29: Time-resolved PL decay transient spectra of MAPbI3 thin films: pristine
MAPbI3 film (red line), MAPbI3 film doped with 0.01 M of Cu+ ion (green line), and
MAPbI3 film doped with 0.01 M of Ag+ ion (purple line)
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Table 1: Fitting decay times of pristine MAPbI3 film, MAPbI3 film doped with 0.01 M of
Cu+ ion, and MAPbI3 film doped with 0.01 M of Ag+ ion
Condition

MAPbI3
Pristine

MAPbI3 doped
MAPbI3 doped
+
with 0.01 M Cu with 0.01 M Ag+

A1

27.86%

19.80%

32.66%

t1

3.01

2.51

3.43

A2

56.43%

50.40%

49.22%

t2

10.34

7.57

12.53

A3

15.71%

29.80%

18.11%

t3

28.09

21.22

60.99

tave

11.08

10.63

18.33

4.3 Perovskite Solar Cells

The synthesized solar cells in this thesis were chosen to be based on MAPbI3
perovskite thin film doped with different concentrations Cu+ ion. Accordingly, the
consequences of altering the concentration of the metal ion on the performance of the
perovskite solar cell were investigated.

4.3.1 Morphology and Crystal Structure of the Perovskite Films
Figure 30 illustrates the SEM cross-sectional micrograph of complete perovskite
solar cell device with the following structure: FTO as anode/ NiOx as a HTL/ Perovskite
layer/ PCBM as ETL/ and Ag as cathode.
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Figure 30: SEM cross-sectional of a complete perovskite solar cell architecture

Figure 31 shows the top-view SEM images of the pristine perovskite sample and
the perovskite samples doped with different concentrations of Cu+ ion, deposited on
FTO/NiOx layers. SEM images of the pristine perovskite film exhibits small size grain
boundaries. Whereas, the perovskite films doped with 0.01 M of Cu+ ion have a uniform
and pinhole-free surface with large grain size in range of a few hundred nanometers to
over 1μm. While, the perovskite film doped with 0.10 M of Cu+ ion shows a poor surface
coverage and crystallization. Therefore, it was concluded that doping small amount of
Cu+ ion in the perovskite precursor solution can enhance the crystallization with fewer
crystal defects. This is because that at low Cu+ ion doping concentrations, the Cu+ ion
appear not to be incorporated into the perovskite lattice, but accumulated to the surface
and grain boundaries. Hence, it can increase the short current density and PCE of the PSC.
However, beyond an optimum level of addition of Cu+ ion, the crystallization of MAPbI3
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is strongly interrupted due to an increased level of impurity phase, and resulting in
increased levels of defects [75, 76].

Figure 31: Top-view SEM images of MAPbI3 films doped with different amount of
Cu+ ion: (a) pure MAPbI3 film, (b) MAPbI3 film doped with 0.01 M of Cu+ ion, (c)
MAPbI3 film doped with 0.10 M of Cu+ ion

Figure 32 shows the XRD patterns for the perovskite film MAPbI3 doped with 0.10
M of Cu+ ion, the perovskite film crystalline is also in tetragonal crystal structure as
reported previously in Section 4.2.1. However, as Cu+ ion doping concentration increase
the intensities of the dominant perovskite (110) and (220) peaks substantially increase
with no measurable shift in their diffraction peak positions. This suggests that the (hh0)
planes become increasingly aligned in the presence of the Cu+ dopant [72]. However, the
diffraction peak at 2θ= 12.6ο and 2θ= 38.6ο, those are corresponding to the unconverted
PbI2, are decreased in the presence of 0.01 M of Cu+ ion, and are eliminated in the presence
of 0.10 M of Cu+ ion. This suggests that Cu+ ion enhanced the conversion of PbI2,
therefore it suggests the improvement in the crystalline of the thin film [41, 60, 79].
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Figure 32: XRD patterns of MAPbI3 films doped with different amount of Cu+ ion: (a) pristine MAPbI3 film(red line), MAPbI3 film
doped with 0.01 M of Cu+ ion (green line), and MAPbI3 film doped with 0.10 M of Cu+ ion (blue line). Diffraction peak at (b) 2θ = 12.6ο
(c) 2θ = 38.6ο
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4.3.2 Optical Properties of the Perovskite Film

In order to understand the photophysics and the charge dynamics of the MAPbI3
films, charge generation of the perovskite films was measured via absorption, steady-state
photoluminescence (PL) and time-resolved PL characterization.
Figure 33 represents the UV-vis of MAPbI3 films: pristine MAPbI3, doped with
0.01 M Cu+ ion film and the MAPbI3 doped with 0.10 M Cu+ ion. Increasing the
concentration of Cu+ ion in the MAPbI3 perovskite thin film is still giving strong
absorption from the visible range down to the near-infrared wavelengths. As well, it does
not affect the shape of the absorption spectrum. However, the absorption intensity of the
perovskite film apparently has decreased by farther increasing the Cu+ doping. MAPbI3
doped with 0.01 M of Cu+ ion has better absorption in the visible range, and should show
higher PCE for the solar cell.
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Figure 33: UV-Vis absorption spectra of MAPbI3 films doped with different amount of
Cu+ ion: pristine MAPbI3 film (red line), MAPbI3 film doped with 0.01 M Cu+ ion (green
line,) and MAPbI3 film doped with 0.10 M Cu+ ion (blue line)
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The steady-state PL spectra of the pristine MAPbI3 film, MAPbI3 films doped with
0.01 M of Cu+ ion, and MAPbI3 films doped with 0.10 M of Cu+ ion are shown in Figure
34. Figure 34 (a) presents the PL spectra of the three films deposited on glass substrates.
It is clear that doping MAPbI3 with small amount of Cu+ ion has enhanced the PL intensity,
while the excessive doping has led to significant decrease in the PL intensity. In Figure
34 (b) a significant PL quenching is observed when the NiOx layer (HTL) added to the
perovskite, and further when the perovskite is doped. Significant PL quench is observed
in the MAPbI3 films doped with 0.01 M of Cu+ ion. This indicates that MAPbI3 film can
extract charge charier more efficiently from the perovskite toward the HTL and it has the
highest electron mobility [79, 80]. In addition, no spectral shift is apparent between the
pure MAPbI3 film and the doped films, which indicates that Voc loss cannot be explained
by the bandgap. It might be due to enhance charge carrier transport, or improved mobility
and conductivity.
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Figure 34: The steady-state PL spectra of MAPbI3 films doped with different amount of
Cu+ ion: pristine MAPbI3 film(red line), MAPbI3 film doped with 0.01 M of Cu+ ion (green
line), and MAPbI3 film doped with 0.10 M of Cu+ ion (blue line), for (a) samples deposited
on glass (b) samples deposited on FTO/NiOx layers

56
Figure 35 shows the normalized time-resolved PL (TRPL) curve for the three
perovskites. The pristine MAPbI3 perovskite deposited on glass substrate shows the
longest lifetime. This lifetime quench when the HTL was added. When the perovskite is
doped with different concentrations of Cu+ ion deposited on NiOx, the lifetimes are further
shortened to orders of 3-4 ns. This demonstrating that holes are effectively extracted from
the perovskite layer to the HTL with minimal recombination loss [80].
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Figure 35: Time-resolved PL decay transient spectra of MAPbI3 films doped with different
amount of Cu+ ion: pristine MAPbI3 film doped on glass ( black dots), pristine MAPbI3
film deposited on FTO/NiOx (red dots), MAPbI3 film doped with 0.01 M of Cu+ ion
deposited on FTO/NiOx (green dots), and MAPbI3 film doped with 0.10 M of Cu+ ion
deposited on FTO/NiOx (blue dots)

4.3.3 Electrical Properties of the Solar Cells
To understand the effect of doping perovskite material with Cu+ ion on the
performance of perovskite solar cells, three PSCs were used for comparison. Figure 36
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shows the current density–voltage (J–V) curves of the optimized performance of three
types of devices: pure PSC that has MAPbI3 layer without any doping, PSC doped with
0.01 M of Cu+ and PSC doped with 0.10 M of Cu+. The open-circuit voltage (Voc), shortcircuit current (Jsc), fill factor (FF), and PCE of all devices are summarized in Table 2.
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Figure 36: J–V curves of PSCs doped with different amount of Cu+ ion: pristine MAPbI3
solar cell (red line), MAPbI3 doped with 0.01 M of Cu+ ion solar cell (green line), and
MAPbI3 doped with 0.10 M of Cu+ ion solar cell (blue line)

Table 2: Photovoltaic parameters of planar heterojunction PSCs with different molar
doping degree of Cu+
Condition

Jsc (mA/cm2)

Voc (V)

FF

PCE (%)

Pure MAPbI3

-22.11

0.99

0.74

16.3

MAPbI3: 0.01 M of Cu+

-22.53

1.06

0.76

18.2

MAPbI3: 0.10 M of Cu+

-17.54

0.79

0.32

4.4
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The incorporation of Cu+ ion significantly affects the device performance. The
average efficiency for the pure PSC is 16.33% with J sc, Voc, and FF values of -22.1
mA/cm2, 0.99 V, and 0.74, respectively. In the incorporation of 0.01 M of Cu+ ion into
MAPbI3, a significant effect on Jsc, Voc and FF of the PSCs is observed. Where, Jsc
increases to -22.53 mA/cm2, Voc increases to 1.06 V and FF increases to 0.76. In addition
to PCE of 18.17%. However, when the Cu+ doping degree is further increased to 0.10 M,
all the Jsc, Voc and FF of PSCs dramatically decrease, and the PCE drops to 4.41%. The
decrease in Jsc, Voc and FF is probably due to the poor contact of the absorber layer with
the interface of the electron transport layer, or it might be a result of a large charge
recombination and leakage current in the device induced by the Cu+ ions [77]. Abdi-jalebi
et al. [3] have found PCEs of 20.5%, 19.2% and 20.0% for perovskite solar cells that their
absorber layer doped with Na+, Cu+ and Ag+ ions respectively, compared to 16.7% for the
pristine one. They used doping concentration of 0.03-0.08 M, and mesoporous perovskite
solar cell with the following structure: ITO/ c-TiO2/ mp-TiO2/ Perovskite/ SpiroOMeTAD/ Au.
Figure 37 shows the external quantum efficiency (EQE) spectra of the pure
MAPbI3 solar cell, the 0.01 M MAPbI3 solar cell doped with Cu+ ion, and the 0.10 M
MAPbI3 solar cell doped with Cu+ ion. All devices exhibited broad EQE characteristics
throughout the visible to the near IR regime (380-750 nm). The pure MAPbI3 solar cell
and the 0.01 M MAPbI3 solar cell doped with Cu+ ion, show an excellent photocurrent
with the EQE reaching a maximum of 86.6% at 610 nm for the pure PSC, while the doped
PSC showed a maximum EQE of 85.7% at 560 nm. For the 0.10 M MAPbI3 solar cell
doped with Cu+ ion shows maximum EQE of 67.35% at 689 nm. The EQE values indicate
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that the photoresponse is very efficient for both devices the pure PSC and the doped with
0.01 M Cu+ ion PSC, with a slight better performance of the pure PSC than the doped with
0.01 M of Cu+ ion.
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Figure 37: The EQE spectra of PSCs doped with different amount of Cu+ ion: pristine
MAPbI3 solar cell (red line), MAPbI3 solar cell doped with 0.01 M Cu+ ion ( green line),
and MAPbI3 solar cell doped with 0.10 M of Cu+ ion (blue line)

The stabilized current density of the optimized PSCs was examined in Figure 38.
The pure MAPbI3 solar cell and the MAPbI3 solar cell doped with 0.01 M Cu+ ion
demonstrate a stable photocurrent density over an illumination period of 240 sec. This
indicates that the devices were stable during the photovoltaic characterization.
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Figure 38: Stabilized current density of PSC doped with different amount of Cu+ ion:
pristine MAPbI3 solar cell (red line), and the MAPbI3 solar cell doped with 0.01 M Cu+
ion (green line)

Light intensity dependence of J–V characteristics of the three devices were
measured in order to investigate the effect of charge recombination dynamics of the
efficiencies of the devices.
Figure 39 (a) plots Voc as a function of the logarithm of the light intensity according
to the function:
V'oc = Voc -

ηkT
q

ln(X)

(8)

where η is referred to as the ideality factor, K is Boltzmann’s constant, T is
temperature, q is electric charge and X is light intensity [77]. The slope of this function
can be used to determine the proportionality factor (ηkT/q). Hence, an ideality factor of
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η= 1 indicates dominant bimolecular (e.g. Langevin) recombination, while an ideality
factor of η= 2 indicates monomolecular, trap-assisted (e.g. Shockley-Read-Hall (SRH))
recombination [5]. For the latter, traps can occur either at the perovskite and or at transport
layer interface.
The figure shows that the extracted slope for pristine MAPI3 is 1.35 kT/q, η= 1.35.
When optimum doping is applied (0.01 M of Cu+ ion) then the slope value reduces to 1.21
kT/q, η= 1.21, which is an indication that Cu+ ions passivates MAPbI3 defects. This is also
reflected in a Voc improvement as trap induced recombination is inhibited. When
excessive Cu+ ion is added to the system (0.10 M) the slope reaches values as high as 1.79
kT/q, η = 1.79, which implies an increase in the trap-assisted recombination.
It is known that Jsc has power law dependence on the light intensity Plight, i.e. 𝐽𝑠𝑐 ∝
(𝑃𝑙𝑖𝑔ℎ𝑡 )𝑆 , where s represent power-law exponent. Figure 39 (b) shows Jsc versus light
intensity of the PSCs using various Cu+ ions concentrations. It appears that all devices
show a linear correlation with the slopes equal to unity such that S= 1. This indicates that
charge-collection efficiency or charge recombination loss is independent of incident light
intensity (carrier density), which suggests that the bimolecular recombination, which is
highly carrier-density dependent, in these devices does not contribute to the photocurrent
loss [82-84]. This implies sufficient electron and hole mobility and no charge-transport
barrier existing in the solar cells, which is in agreement with the good photo-response in
EQE [84].
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Figure 39: Light intensity dependence of J–V characteristics: (a) Voc as a function of light
intensity in a semi-logarithmic scale (b) Jsc as a function of light intensity in a double
logarithmic scale for PSCs of pristine MAPbI3 (red line), MAPbI3 doped with 0.01 M of
Cu+ ion (green line), and MAPbI3 doped with 0.10 M of Cu+ ion (blue line)

63

Chapter 5: Conclusion

The aim of this thesis was to synthesize and characterize different perovskite
structures in order to use them for perovskite solar cells applications.
CH3NH3PbBr3 perovskite microstructures were synthesized using one-step selfassembly method. The morphology of these microstructures is a mixed of microplates,
microwires and hollow cubes. The fluorescence microscope study proved that the growth
of CH3NH3PbBr3 microstructures started as hollow structures and then developed to
microplates or cubes. The Perovskite microstructures exhibit absorption peak at 537 nm,
and showed a strong PL emission at 537 nm.
CH3NH3PbI3 perovskite thin films doped with Cu+ and Ag+ ions were fabricated
using one-step solution process. The doped CH3NH3PbI3 perovskite thin films showed a
better surface coverage on the substrates. Moreover, they showed a remarkable increase
in the absorption intensities in the range from the visible to the near-infrared wavelengths.
Besides, a notable improvement in the PL intensities at 770 nm.
On the other hand, perovskite solar cells based on CH3NH3PbI3 doped with
different concentrations of Cu+ ion were fabricated and tested. The results indicated that
doping CH3NH3PbI3 thin film with small amount of Cu+ ion (0.01 M) has enhanced the
morphology, structure and the optical properties of the thin film. Therefore, the power
conversion efficiency of the perovskite solar cell increased from 16.3% to 18.2%. While,
the excessed amount of Cu+ ion (0.10 M) disrupted the structure and the optical properties
of the thin film. Thus, the power conversion efficiency of the solar cell dropped to 4.4%.
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However, the present results of Cu+ ion doped CH3NH3PbI3 film are still require
extensive experimental analysis to know the site occupied with Cu+ ion in the perovskite
structures using XPS measurements and HRTEM observations. In addition, DensityFunctional Theory (DFT) simulation is a computational tool that will help to understand
the electronic properties of perovskite: Cu as well as its optical properties to explain the
drop of solar cell efficiency.
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